Hepatocyte proliferation stimulated by partial hepatectomy occurs first in penportal cells, with midlobular and then penvenous cell division occumng later. We have previously shown that this pattern of compensatory cell proliferation also occurs following the hepatotoxicity of N-nitrosodimethylamine. We examined the generality of this pattern in livers of rats given a minimally toxic dose of an hepatotoxin and in liver biopsy samples from patients who had taken overdoses of acetaminophen. Proliferating hepatocytes were detected immunohistochemically (5'-bromodeoxyuridine or Ki-67 antigens). The perivenous necrogens N-nitrosodiethylamine, carbon tetrachloride (CCI,). bromobenzene. and acetaminophen all induced penportal hepatocyte proliferation. With CCI,, bromobenzene, and acetaminophen, the initial appearance of proliferating penportal hepatocytes was followed 12-24 hr later by division in the midlobular region, with a few cells dividing adjacent to the penvenous region of necrosis. The penportal necrogen allyl alcohol also induced penportal cell division. In the human studies, penvenous necrosis was accompanied by periportal and midlobular hepatocyte proliferation. These results suggest that regardless of its lobular location chemically induced hepatotoxicity stimulates cell proliferation that begins in the penportal zone and then moves in an orchestrated response into the midlobular and penvenous zones.
INTRODUCTION
The pattern of hepatic regeneration that follows partial hepatectomy (PH) has been well characterized (15, 37) . The mature hepatocyte normally does not proliferate, but it responds rapidly to mitogenic stimuli such as PH or to the direct mitogenic action of an agent such as hepatocyte growth factor (27) . Compensatory cell division in response to PH takes place in an orchestrated manner, with the involvement of various subpopulations of hepatocytes at different times during the process (15, 37) . The first hepatocytes to divide following PH are periportal (PP). These cells divide at 18-20 hr, with approximately 24% of PP hepatocytes incorporating [3H]-thymidine (37) . In contrast, only 6-10% of perivenous (PV) cells are in Sphase at this time. At 34-40 hr, however, up to 20% of PV hepatocytes are in S-phase, but labeling in the PP region has fallen to about 6%. The overall effect was described by Rabes et a1 (37) as a wave of DNA synthesis, with a first peak in the PP region and a later peak in the PV zone.
In contrast to regeneration following PH, the involvement of hepatocytes in the different zones during regenerative cell proliferation resulting from chemically induced liver injury has not been we11 studied. In an investigation of the initiation of chemical hepatocarcinogenesis, we examined hepatocyte proliferation following a minimally toxic dose of N-nitrosodimethylamine (NDMA) (25) . This nitrosamine is a carcinogenic and ' Present address: London Regional Cancer Centre, 790 Commissioners Road E, London, Ontario, Canada. hepatotoxic agent that causes injury and death in hepatocytes adjacent to the hepatic vein of'the liver lobule at doses greater than about 5 mgkg (65 pmol/kg) (6, 10) . At the outset of our studies, 2 different patterns of regeneration seemed possible. One was the orchestrated cell proliferation described for PH. With the other pattern, dividing hepatocyte would be located directly adjacent to the area of cell death. In this case, the stimulus for a hepatocyte to divide would be the loss of 1 or more of its neighboring cells. This hypothesis was suggested by the work of Nakamura et a1 (31, 32) , who showed that at least in tissue culture, different hepatocyte functions can be stimulated either by low or high cell densities and by the addition of rat liver cell membranes.
In our experiments with NDMA (25), we first observed division in hepatocytes close to the portal tract 36 hr following administration of the chemical. At 72 and 96 hr, division occurred in midlobular cells and even occasionally in cells in the PV zone. These observations were consistent with a wave of cell division similar to what occurs following PH, which prompted the following questions: Is PP cell proliferation a response to the toxicity of other nitrqsamines? Is this pattern of regeneration seen with PV necrogens of other chemical types? Which are the first cells to divide in response to agents that kill PP hepatocytes? Is this pattern restricted to rodents or does it occur in humans? Here, we report the results of experiments designed to address these questions; In the rat studies, we used Nnitrosodiethylamine (NDEA) and 3 other PV necrogens-carbon tetrachloride (CCl,), bromobenzene (BB), and acetaminophen (APAP) (4, 5, 7, 9, 14, 28, 39, 41, 47) -and the PP necrogen allyl alcohol (AA) (2, 35, 40) .
In addition, we examined cell division in livers of pa-62 1 0192-6233/98$3.00+S0.00 TOXICOLOGIC PATHOLOGY tients who had taken an overdose of APAP. Results from both the rat studies and the observations in humans suggest that regardless of the site of necrosis, chemically induced hepatotoxicity stimulates cell proliferation that appears first in PP hepatocytes and later in midlobular and PV zones.
METHODS

Clteiizicals.
NDMA (Sigma Chemical Co., St. Louis, MO) and NDEA (Eastman Kodak Co., Rochester, NY) were >99% pure by gas chromatography. APAP was purchased from Sigma, BB from BDH (Toronto, ON), CCl, from J. T. Baker Canada (Toronto, ON), and AA from Eastman Kodak. The 5'-bromodeoxyuridine (BrdU) was purchased from Boehringer Mannheim (Laval, PQ), and the monoclonal antibody to BrdU was from Becton Dickinson (Mountain View, CA). Peroxidase-conjugated rat anti-mouse antibody was from Jackson Immunoresearch Laboratories (West Grove, PA), and diaminobenzidine-4HC1 was from Sigma.
Aniinal Treatments. Male Sprague-Dawley rats were obtained from Charles River Canada (St-Constant, PQ). Rat chow (Harlan Teklad, Madison, WI) and acidified water were provided ad libitunz, and a 12-hr lighvdark cycle was maintained automatically. Rats were allowed to acclimatize for 5-10 days before the start of experiments, at which time they were 43-46 days old and weighed 190-210 g. Rats were injected with a single dose of NDEA, CCl,, BB, APAP, or AA following an overnight fast. APAP (625 mgkg, 4,135 pmolkg) was dissolved in a solution of 30% polyethylene glycol in 0.9% sodium chloride and administered intraperitoneally. NDEA and AA were dissolved in 0.9% sodium chloride and administered i.p. at doses of 40 or 25 mgkg (400 or 250 pmolkg) and 40 mg/kg (690 pmoVkg), respectively.
Both BB at 118 mgkg (750 pmoVkg) and CCl, at 0.25 or 0.025 mVkg (2.5 or 0.25 mmolkg) were administered intragastrically in corn oil. Injections were given between 8:30 am and 1:00 pm. Control animals were administered vehicle solutions alone: 0.9% sodium choride, 30% polyethylene glycoVO.9% sodium chloride, or corn oil. Hepatocytes undergoing DNA synthesis were labeled with BrdU (100 mgkg in 0.9% sodium chloride, i.p.) administered 1 hr prior to euthanasia. Studies were designed to determine the time course of toxicity and of cell proliferation for given doses of the hepatotoxic compounds and necessitated the use of 4 or 5 rats per time point at 24, 36, 48, and, for NDEA, 72 hr. All animals received humane care in compliance with the guidelines of the University of Toronto.
Histology. Representative slices of the median, left, and right lobes of the livers were fixed in methanol containing 5% acetic acid for immunohistochemistry. The slices were fixed overnight and embedded in paraffin such that each tissue block contained all the slices of lobes taken from 1 liver. Liver sections were stained immunohistochemically for the presence of BrdU in the DNA of hepatocytes following methods used previously (25). BrdU+ hepatocyte nuclei were dark brown and in all cases were readily distinguishable from the normal blue hematoxylin-stained nuclei. To calculate overall la-beling indices for individual livers, we counted the number of BrdU+ hepatocytes in a single microscope field. Five randomly selected microscope fields were analyzed for each tissue section, with a minimum of 500 hepatocytes counted per liver. Analyses were carried out blind. The distribution of the dividing hepatocytes within the lobules was determined employing methods used previously (25). One liver was randomly chosen per treatment group. and time point. All liver sections thus selected were analyzed blind. Four or 5 portal tracts and 4 or 5 hepatic veins were analyzed per liver, with an average of 215 hepatocytes scored per PV or PP zone. Despite high variability, particularly in the APAP treatment groups, analysis of a second set of sections demonstrated identical results. All statistical analyses were carried out using Sigmastat (Jandel Corp., San Rafael, CA).
Himnit Studies. Liver biopsies were from 6 patients who had taken acetaminophen overdoses, as recorded in the Liver Pathology Consultation Files of R. G. Cameron at The Toronto Hospital. Clinical information included patient history, liver enzyme test results, and drug serum values. All liver biopsies were taken according to the procedure of informed consent of patients authorized according to the by-laws of The Toronto Hospital. Liver tissue was fixed in 10% buffered formalin and embedded in paraffin prior to standard staining with hematoxylin and eosin. Proliferating hepatocytes were measured using the monoclonal antibody MIB-1 (Immunotech, Westbrook, ME) against the endogenous Ki-67 nuclear antigen as described by Jensen et a1 (19) . Because the liver tissues were obtained as small core needle biopsies, we scored all of the cells available (-300) in each section.
RESULTS
Atiiiizal Expeririieitts
We examined hepatotoxicity and the resulting compensatory cell proliferation in rats given a single minimally toxic dose of 1 of a number of hepatotoxic chemicals that are known to produce either PP or PV cell death (28, 35, 39-41, 47). Proliferating cells were labeled using a pulse of BrdU 1 hr prior to euthanasia at various time points following administration of the hepatotoxic compound. The overall labeling index per liver and the labeling indices of the PP and PV zones in individual livers were calculated. The numbers of proliferating cells (BrdU+ hepatocytes) in control rats were comparable to, values observed previously (Table I) (25, 49) . Also in agreement with our previous results, analysis of control livers showed that there *were more BrdU+ hepatocytes in PP than in PV zones ( Table 11 , Fig. 1A) (25) .
Our pilot studies utilizing NDEA (400 pmoVkg) and CCl, (0.25 mVkg) examined both toxicity and cell proliferation at 48 hr. Both compounds caused death of cells in the PV region extending from the hepatic vein well into the midlobular area. At this time point, there were increased numbers of BrdU+ hepatocytes in the PP regions of liver lobules. However, the extensive areas of cell destruction produced by NDEA and CCI, presented a problem: the PP cell proliferation that we observed may have occurred because only PP hepatocytes were capable of proliferation. Therefore, in our next experiments we reduced the dose of each compound in an effort to determine the dose that produced destruction in only a portion of either the PP or PV zones. To determine the time course of the onset of regenerative hepatocyte proliferation, rats were euthanatized at 24, 36, and 48 hr, as well as 72 hr in the case of NDEA. To investigate the generality of the pattern, we also examined the effects of the PV necrogens APAP and BB and the effect of the PP necrogen AA on compensatory hepatocyte proliferation. At doses that produced toxicity that was restricted to the first 1-4 layers of cells surrounding either the hepatic vein or the portal tract, there was a high degree of interanimal variability in response, especially to BB, APAP, and AA, with some rats in each group displaying no detectable hepatonecrosis as assessed histologically and by serum alanine aminotransferase activity (data not shown). Despite this variability, a few rats sustained levels of toxicity that were low but were sufficient to induce compensatory cell proliferation.
NDEA at a dose of 25 mg/kg produced cell division that was first observed to be significantly increased at 36 hr (Table I) . S-phase cells at both 36 and 48 hr were localized close to the portal tract but not around the hepatic vein (Table 11, Fig. 1B ). Numbers of S-phase cells were only slightly above normal by 72 hr. At this time, BrdU' hepatocytes were no longer clustered around the portal tract but were in the outer PP zone and in the midlobular region (Fig. 1C) . Regenerative hepatocyte proliferation was induced by the toxicity of 0.025 mUkg CCl,. A significant increase in the number of BrdU' hepatocytes was first observed at 24 hr, with further increases in numbers of proliferating cells at 36 and 48 hr ( Table I) . The majority of BrdU+ hepatocytes were localized in the PP zone at all time points (Table 11 ). BrdU+ cells were close to the portal tract at 24 hr and then increasingly in the outer PP and midlobular zones at later times. We observed a few BrdU' hepatocytes localized in the PV zone adjacent to the area of cell damage at all time points (Table 11 ). In animals with PV necrosis induced by 118 mgkg BB, a significant increase in hepa-tocyte proliferation was first observed at 36 hr (Table I ) .
At both 36 and 48 hr, BrdU' hepatocytes were localized primarily in the PP zone. By 48 hr, proliferating hepatocytes were also seen in the PV zone. The PV necrogen APAP at a dose of 625 mgkg resulted in cell proliferation that appeared to be increased at 36 and 48 hr (Table   I ) . This increase, however, was not significant because of the high variability of the response of the rats to this compound. At 36 hr after APAP, BrdU' hepatocytes were localized mainly in the PP region, but at 48 hr, BrdU+ hepatocytes were in both PP and midlobular zones, with some also in the PV zone adjacent to the region of cell damage. The hepatotoxic compound AA administered at a dose of 40 mg/kg resulted in the destruction of cells in the PP region. Increased hepatocyte proliferation was observed at 48 hr (Table I) , with BrdU' hepatocytes localized in PP and midlobular areas but not in the PV regions (Table 11 , Fig. 1D ). 
H i~i t a~t Studies
In these studies, we examined liver biopsies from 6 patients who had taken overdoses of APAP. For these patients, based on the report of the suicide attempt, we were able to estimate the time and amount of the overdose. Five of 6 patients ingested APAP at doses estimated to be between 150 and 600 mg/kg, and 1 patient had a dose of approximately 1,000 m g k g (Table 111 ). Liver biopsies were taken at the time of admission to the hospital. Analysis of hematoxylin and eosin-stained sections prepared from the biopsy sample showed that in each case hepatonecrosis was clearly PV, affected <40% of hepatocytes, and even at the highest dose of 1,000 mgkg did not extend beyond the PV region. Proliferating hepatocytes stained positively using the MIB-1 antibody against the Ki-67 antigen. Both the labeling index (percentage of all hepatocytes that were MIB-1+) and the location of the dividing cells were determined for each sample. In all of the samples obtained from these patients, at least 50% of all MIB-1' hepatocytes were located in the PP zones (Table 111). Table IIIishows the 
Discussro~
The overall aim of this study was to examine the kinetics and location of hepatocytes that divide in response to lethal cytotoxicity caused by chemicals acting in specific regions of the liver. Our work with NDMA (25) suggested that the localization and kinetics of cell division that had been described following PH (36) might also occur as a result of chemical hepatotoxicity. We did not know, however, whether this pattern was specific to PH and to NDMA, whether it represented a general mechanism of hepatic regeneration, or whether the location of proliferating hepatocytes was dependent upon the location of dead cells within the lobule.
Our initial observations made with doses of NDEA and CCl, that produced moderate to extensive cell death suggested that PP hepatocytes might contribute significantly to compensatory cell proliferation. Similar observations have been made by others using NDMA at 30 m a g , a dose that produces extensive cell death (3). However, in those early experiments and in our pilot experiments here, necrosis encompassed all of the PV zone and, in some cases, much of the midlobular region, leaving only PP cells intact. Thus, our subsequent studies used doses of the hepatotoxicants that produced cell death confined to 1 specific zone, leaving intact most of the cells in the same zone and in the remainder of the lobule.
BrdU' labeling has been widely used as a marker of cycling cells (34, 43, 48) , including proliferating hepatocytes (29). BrdU labels only those cells in the S-phase of the cell cycle, unlike other markers of cycling cells such as the Ki-67 antigen and proliferating cell nuclear antigen (PCNA), which are present during the G2, S, and M phases. BrdU labeling correlates well with Ki-67 (16,  30, 34, 43) , and both correlate well with other methods of detection of cell cycling, such as flow cytometry and the use of [3H]-thymidine (48). BrdU and Ki-67 are often preferred markers to quantify proliferating cells, because the use of PCNA may result in an overestimation (17, 44). In our study, in contrast to methods of continuous labeling with BrdU in which S-phase cells accumulate (22), we pulse-labeled dividing cells using BrdU, which allowed us to observe the participation of individual hepatocytes at various time points during regenerative proliferation.
It is possible that the BrdU' nuclei that we observed would not have resulted in new cells but rather in an increase in ploidy. Studies of liver regeneration following two-thirds partial hepatectomy, however, have shown that hepatocytes of all ploidy classes undergo division (1 l), with diploid hepatocytes perhaps cycling more than cells of other ploidy classes (13). It is also possible that the BrdU+ nuclei we observed could have resulted from unscheduled DNA synthesis that occurs during the repair of strand breaks and as part of the excision repair of modified bases such as N7-methylguanine (46). However, this type of DNA synthesis is unlikely for the following reasons. First, BrdU incorporation as a result of uncheduled DNA synthesis would have begun soon after the production of DNA damage. Instead, BrdU' nuclei were not seen until 2 2 4 hr after the administration of a toxic agent. Second, unscheduled DNA synthesis would be expected to be most active in cells where injury to the DNA would be most abundant. In the case of NDMA, these cells would be PV (8), but the BrdU' nuclei that we saw were localized in PP cells. Third, it has been shown. at least in the case of BB-induced hepatotoxicity, that increased PHI-thymidine uptake by hepatocytes is followed -by an increased mitotic index (33), suggesting that the DNA synthesis was due to DNA replication and not unsched-uled DNA synthesis. Thus, it seems likely that cell division accounts for the BrdU' uptake by hepatocytes in these animals.
Our results with all of the PV necrogens show that compensatory cell proliferation following lethal cellular injury is located first in PP cells. Moreover, the results with APAP, BB, and CCl, and our previous results with NDMA (25) show that proliferation occurs first in the PP zone and is found in the midlobular and PV regions later. The results with AA, a PP necrogen, showing that PP cell division is induced following administration of this compound, provide unexpected and additional strong evidence that compensatory hepatocyte division begins in PP cells regardless of the lobular location of injury. Although the necrogens we used are known to produce toxicity by a variety of mechanisms (1, 2, 4, 5, 7, 9, 14, 28,  35, 39, 40 ), all 6 stimulated PP cell division. Thus, the results suggest that the pattern of regenerative proliferation is dependent on the loss of hepatocytes per se and not on the mechanism by which cell death is produced. This hypothesis is clearly supported by the similarity between the patterns of regeneration following PH (37) and chemically induced toxicity.
The mechanism by which liver regeneration is initiated continues to be the subject of much study [for a recent review, see Michalopoulos and DeFrances (27) ]. The reasons why PP hepatocytes are the earliest to divide during compensatory cell proliferation are unclear. PP cells are known to be more responsive than PV cells to epithelial growth factor (12). and they might also be more responsive to hepatocyte growth factor, a major growth factor in hepatocyte proliferation. Rabes (36) proposed that the task of carrying out both metabolic functions and division may be accomplished more easily by PP hepatocytes, possibly because of the differences in oxygen, nutrient, and hormone supplies to these cells as compared with PV hepatocytes (20).
Our results with PV necrogens in rats appear to contradict those of Nostrant et a1 (33), who used a dose of BB (600 mglkg) that is 4 -f o l d higher than the dose we used. They concluded that cell proliferation in the PV zone contributed more than proliferation in the PP zone to liver regeneration. A close inspection of their data, however, suggests that it fits the pattern of compensatory proliferation that we observed. Their results show that increased hepatocyte labeling occurs 24-36 hr after BB and is located in the PP and midlobular areas and not in PV regions. Labeling of PV cells was not observed until 248 hr after administration of the chemical. Moreover, our results using AA appear to agree with those of Nostrant et a1 (33), who showed that PP cell proliferation was observed following PP necrosis induced by this compound.
The animal data show that cell proliferation progresses more slowly from the PP to the midlobular region with some of the PV toxic agents than with others. For example, the BrdU' cells induced by NDMA and NDEA were tightly clustered around portal tracts at both 36 and 48 hr, with no proliferating hepatocytes near hepatic veins. In contrast, there were proliferating hepatocytes in both PP and midlobular zones by 36 hr after CCl, ad-TOXICOLOGIC PATHOLOGY ministration and 48 hr after APAP and BB administration (Table 11 ). Furthermore, DNA synthesis was observed in a few cells proximal to the region of necrosis even at early time points after CCll administration. To explain these observations, we hypothesize that although these 5 compounds ultimately caused PV cell death, the existence and/or nature of the sublethal injury in the remaining intact hepatocytes may determine the rate at which these cells enter S-phase. This sublethal injury is likely to be DNA damage, because cell cycle checkpoint proteins such as p53 are known to delay DNA synthesis until DNA damage has been repaired (21).
In support of this hypothesis, both NDMA and NDEA are known to produce a gradient across the lobule of repairable DNA adducts such as 06-alkylguanine (PP < midlobular < PV) (8, 26, 42) . Because the distribution of the repair enzyme for 06-alkylguanine shows no preferential lobular localization, at least in human liver (24, 45), PP and then midlobular cells would be expected to recover most rapidly from DNA damage. In contrast, it is possible that neither APAP, which binds only slightly to DNA (38), nor CCl,, which is known not to be genotoxic (18, 23), produce sufficient DNA damage to inhibit DNA synthesis. This would explain both the rapidity with which midlobular cells respond to APAP-and CC1,-induced necrosis and the occurrence of a few proliferating cells close to the area of tissue damage.
We only analyzed a narrow time frame using the biopsies obtained from humans who ingested an overdose of APAP (Table 111 ). These high doses of APAP are comparable in their toxic effects to the high doses of NDEA and CCl, we used in our pilot studies in rats. Thus, we were unable to quantify PV proliferation in the human livers because of the extensive necrosis that occurred in this region in all of the samples. Nevertheless, our results show clearly that, as in rats, regenerative proliferation in human liver following APAP overdose takes place mainly in PP and midlobular cells, with only a few dividing cells adjacent to areas of necrosis.
Our results provide evidence that regardless of its lobular location, chemical hepatotoxicity, similar to PH, stimulates hepatocyte proliferation that begins with a first peak in the PP region and later peaks in the midlobular and PV regions. The level of sublethal injury in the surviving hepatocytes may determine the rapidity with which they respond to the mitogenic stimulus. Further study is required to determine the exact nature of the signal that stimulates PP cells to leave Go and begin DNA synthesis and the mechanism of the orchestrated response. 
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